235-rRNA-targeted oligonucleotide probes were designed for the phylogenetic group Gram-positive bacteria with high G + C content of DNA ' (GPBHGC). A sequence idiosyncrasy in two adjacent base pairs in the stem of helix 69 in domain IV of the 235 rRNA is present in all hitherto analysed strains of GPBHGC. An oligonucleotide probe targeted to this region hybridized only with strains of GPBHGC and was successfully used for in situ monitoring of these cells in activated sludge. Another unique feature of the 235 rRNA molecules of GPBHGC is a large insertion in domain 111. Fluorescent oligonucleotides targeted to the highly variable regions of the rRNA within the insertions of Corynebacterium glutamicum DSM 2O30OT, Aureobacterium testaceum DSM 20166 and Brevibacterium sp. DSM 20165 hybridized specifically to their target strains, whereas probing with oligonucleotides complementary to the rRNA-coding strand of the 235 rDNA and to the spacer between 165 and 235 rRNA of C. glutamicum did not result in detectable fluorescence. This confirmed that the large 235 insertions are indeed present in 235 rRNAs of GPBHGC and provide potential target sites for highly specific nucleic acid probes.
INTRODUCTION
The sequencing of rRNA molecules is not only facilitating the reconstruction of phylogenetic trees (Woese, 1987 ; Ludwig & Schleifer, 1994) , it is also the basis for the development of oligonucleotide probes. rRNA molecules are ideal targets for nucleic acid probes for several reasons (Stahl & Amann, 1991) , e.g. the primary structures of 16s and 23s rRNA are composed of sequence regions of higher and lower evolutionary conservation. Comparison of a newly retrieved rRNA sequence to the continuously growing rRNA databases allows the directed design of oligonucleotide probes complementary to more or less variable target regions. The specificity of such rRNAtargeted oligonucleotide probes can be tailored to the needs of the investigator, reaching from the subspecies (Stahl e f al., 1988) to the kingdom (Giovannoni e t al., Abbreviations: DIG, digoxigenin; GPBHGC, 'Gram-positive bacteria w i t h high G + C content of DNA'.
1988) level. Intermediate group-specific oligonucleotides complementary to sequence regions characteristic of phylogenetic entities at the genus or subclass level have been used successfully for rapid identification of bacteria (Amann etal., 1990b (Amann etal., , 1992 Devereux etal., 1992; Manz e t al., 1992) . Such probes have the potential to close further the gap between standard identification schemes and our current perception of the natural classification of bacteria.
Molecular taxonomists found significant rRNA homologies between actinomycetes and a group of related bacteria, all characterized by Gram-positive staining and a high G + C content of DNA, and consequently proposed a group named the ' actinomycetes branch' (Stackebrandt, 1991) or ' Gram-positive bacteria with high G + C content of D N A ' (GPBHGC; Woese, 1987) . Many species of this phylogenetic group have biotechnological or medical importance. As part of an ongoing project we intended to construct a group-specific oligonucleotide probe for this important taxon of the domain Bacteria. , 1992) . Another effect, the unavailability of specific rRNA target sites in permeabilized fixed cells, has only been reported recently (Amann e t al., 1992) and is probably due to the higher order structure of the ribosome or rRNA. (Brosius e t al., 1981). t Insertion between helix 54a and 55a (Roller et al., 1992) . In this study, cell fixation and hybridization parameters were optimized for whole cell identification of GPBHGC, and probes directed against characteristic sequence regions -so-called signatures -on the 23s rRNA were evaluated.
METHODS
Organisms and culture conditions. Sources and strain numbers of the organisms investigated in this study are listed in Tables 1  and 2 . Cells were cultured as described in the catalogues of strains of the DSM (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany), ATCC (American Type Culture Collection, Rockville, MD, USA) or CCM (Czechoslovak Collection of Microorganisms, Brno, Czechoslovakia) or were kindly provided by various investigators (see Tables 1 and 2 ).
Cell fixation. Cells growing in exponential phase (OD,oo between 0.5 and 0.8) were harvested by centrifugation (2 min, 5000 g) and washed in phosphate-buffered saline (PBS; 130 mM NaC1,lO mM sodium phosphate buffer, pH 7.4). Gram-positive bacteria were resuspended in PBS and fixed by addition of ethanol (50%, v/v). Activated sludge was fixed at the time of sampling by addition of ethanol to a final concentration of 50 %. Gram-negative bacteria were fixed for 3 h in 3 % paraformaldehyde/PBS, washed in PBS and finally resuspended (Amann et al., 1990b) . All cells were stored in PBS/96 % ethanol (1 : 1, v/v) at -20 "C.
Oligonucleotide probes. All probe sequences are given in In sittl probing of Gram-positive bacteria (3 min each) completed the fixation. Samples of 8 p1 hybridization solution (0.9 M NaC1, 20 mM Tris/HCl, pH 7.2, 0.01 % SDS, 50 ng probe, X % formamide) were applied to each well of the microscopic slide and incubated for 3-4 h in an isotonically equilibrated humidity chamber. The probe was removed from the slide by rinsing with 2 ml prewarmed washing solution (20 mM Tris/HCl, 0.01 YO SDS, 5 mM EDTA, Y M NaCl; the salt concentration, Y, was adjusted to the formamide concentration, X, in the hybridization buffer as described by Manz et a/., 1992) . Slides were rapidly transferred into washing solution and incubated at 48 "C for 20 min. Slides were rinsed brieflv with distilled water, air-dried and mounted in Citifluor solution.
Slides were examined using a Zeiss Axioplan microscope fitted for epifluorescence microscopy with a 50 W mercury highpressure bulb and Zeiss filter sets nos 09 and 15. Black-andwhite photomicrographs were done on Kodak Tmax400. Exposure times were 0.06 s for phase contrast and 15-30 s for epifluorescence micrographs.
Quantification of probe-conferred fluorescence. T o determine the optimal hybridization stringency the signals conferred by the fluorescein-labelled oligonucleotide probe HGC, specific for GPBHGC, was determined at different formamide concentrations in the hybridization buffer by image analysis according to Trebesius et al. (1994) . Formamide can be used to influence the censitivity and specificity of hybridization (Stahl & Amann, 1991) .
Dot-blot analysis.
Oligonucleotide probe specificity was examined by hybridization of DIG-labelled probes to reference nucleic acids extracted from 64 pure cultures of bacteria and eukarya representing a diverse collection of taxa. Reference nucleic acids were isolated using a modification of the method of Oelmuller et al. (1990) . Cells (usually 2 ml cell suspension) were harvested by centrifugation (10 min; 18000 g; 4 "C) in a Hettich centrifuge 2021, washed with acetate/EDTA (AE) buffer (20 mM sodium acetate, 1 mM disodium EDTA, pH 5.5 ; 0 "C) and resuspended in a mixture of 400 p1 A E buffer and 50 p125 % (w/v) SDS. Gram-positive cells and yeast cells were mechanically disrupted using glass beads (0.17 mm diameter) in combination with sonication (2 min). Nucleic acids of all cells were purified by phenol extraction followed by ethanol precipitation (Manz e t al., 1992) . The concentration of nucleic acids was determined spectrophotometrically by measuring the A,,,. Isolated reference nucleic acids were immobilized on nylon membranes (Diagen) using a dot-blot apparatus (Schleicher and Schuell). Probing with DIG-labelled oligonucleotides was done as described previously (Manz et al., 1992) .
RESULTS AND DISCUSSION

Design of oligonucleotide probes
T h e longest coherent structure of highly conserved residues within the primary structure of bacterial 23s r R N A s comprises 83 bases of domain IV (Hopfl et al., 1989 ; Larsen, 1992 ;  Ludwig & Schleifer, 1994 ; positions 1889-1971, Escberichia coli numbering, Brosius et al., 1981) . A potential secondary structure model of part of domain IV (helices 68 and 69; Fig. 1 ) is shown for a consensus sequence derived f r o m a data set of complete 23s r R N A sequences from representatives of all bacterial phyla (Woese, 1987) . Within the stem of helix 69 most bacterial sequences contain CC in positions 1908-1 909 (E. Fig. 3 . Dot-blot analysis of probe specificities. Nucleic acids were isolated from 64 reference organisms (see Table 2 for list of strains and arrangement). Membranes were hybridized from top to bottom with probes HGC, NHGC, CGL and EUB.
colinumbering), presumably paired with G G (1912) (1913) . However, all 23s rRNA sequences so far determined for GPBHGC have AG/CU (1908-1909/1912-1913) (Manz e t al., 1992) . Therefore, the combined use of probes HGC and NHGC can be of advantage for the specificity of the assay.
The presence of large stable insertions (about 100 bases) within domain I11 of the 23s rRNA has been shown to be a signature for the GPBHGC (Roller e t al., 1992) . The primary structures of the insertions are evolutionarily only moderately conserved and thus provide potential target sites for species-specific probes. Based on partial 23s rRNA sequences of Aureobacterizlm testaceum, Brevibacterium sp. (formerly B. ketoglzltamicum) and C. glutamiczlm, probes ATE, BKE and CGL (Roller etal., 1992) were designed complementary to parts of the large insertion between helices 54 and 55. These probes target different regions (see Table 1 and Fig. 2 ) within this insertion and were used to test for the presence and accessibility of their target sequences on mature 23s rRNA molecules. All of the following oligonucleotides served as controls during whole cell hybridization : aCGL is complementary to CGL and is a control for non-specific binding and for binding to the rRNA genes (rDNA) of C. glutamzcum; CGLSR is targeted at the 16s-23s spacer on the precursor-like strand on the rRNA operon and the precursor of C. glutamicum, whereas CGLSF is targeted to the precursor-coding strand of the rRNA operon. Probe EUB is complementary to a region of the 16s rRNA conserved for Bacteria (Amann e t al., 1990b) and was used as positive control for the permeability of the fixed Grampositive cells to rRNA-targeted oligonucleotides. All probe sequences are given in Table 3 .
Fixation of GPBHGC for whole-cell hybridization
Initial experiments were performed with exponentially growing cells of C. glutamicum, A. testaceum, and Brevibacterium sp. that had been fixed in 3 % paraformaldehyde for several hours and stored in ethanol/PBS (1 : 1, v/v) (Amann et al., 1990b) . Whole-cell hybridization with fluorescent derivatives of the bacterial probe EUB or the specific probes did not result in reliable visualization of target cells (data not shown). Since cells were taken from cultures growing at short generation times (approx. 1 h) cellular ribosome contents were probably high enough for detection, and the failure in detection was most likely due to the limited permeabilities of the fixed cells to probes. Treatment of paraformaldehyde-fixed cells with lysozyme has been shown to increase the permeability of Gram-positive streptococci (Beimfohr e t al., 1993) and Streptomyes scabies hyphae (Hahn e t al., 1992) , but it did not significantly influence hybridization signals of C. glutamicum, A. testaceurn and Brevibacterium sp. However, fixation in 50% ethanol yielded cell preparations that showed homogeneous, strong hybridization with fluorescently labelled probes (Fig. 4) . This supports recently published results that paraformaldehyde fixation is not required (Jurtshuk et al., 1992) and is even detrimental (Braun-Howland e t al. , 1992) to whole cell hybridization of Gram-positive bacteria.
Determination of optima I hybridization conditions
By gradually increasing the formamide concentration at a fixed incubation temperature the hybridization stringency was optimized for each probe to achieve an optimal 
Evaluation of probe specificities
Under optimal hybridization conditions, the specificities of probes HGC DIG-labelled probes were used for dot-blot hybridization against nucleic acids extracted from 64 reference strains (Table 1) . These reference strains were selected to cover the important phylogenetic groups within the domain Bacteria and included eight GPBHGC. Probes HGC and NHGC showed the expected specificities (Fig. 3 , panels a and b). As expected probe CGL only hybridized to nucleic acids extracted from C. glzltamiczlm (Fig. 3, panel c) .
Hybridization with the bacterial probe EUB ( A. testacezlm and Brevibacterizlm sp. could be specifically visualized with the fluorescently mono-labelled probes CGL (Fig. 4, panel contrast to the 23s rDNA insertions in other bacteria (e.g. Burgin e t al., 1990; Skurnik & Toivanen, 1991) . It also demonstrates that fluorescent oligonucleotides can be tools to rapidly prove the presence of insertions in mature rRNA molecules and to distinguish these stable insertions from those which are removed during rRNA processing.
In situ hybridization with probe HGC
Fluorescently labelled, group-specific oligonucleotide probes have been successfully used for in sitzl monitoring of population changes in complex microbial communities such as sulfidogenic biofilms (Amann e t al., 1992) or activated sludge (Wagner e t al., 1993) . Rapid and reliable monitoring of GPBHGC in activated sludge would be beneficial since these bacteria have been connected with malfunctions such as foaming or bulking (Blackall e t al., 1989 (Blackall e t al., , 1991 Lemmer & Kroppenstedt, 1984) . Hybridization of activated-sludge samples with probe HGC resulted in the visualization of specific morphotypes, e.g.
filamentous bacteria (Fig. 5 ). There was a marked influence of sample fixation on the number of cells the fluorescein-specific filter set (centre) and cells of C. glutamicum and Brevibacterium sp. were visualized using the rhodamine-specific filter set. Panel (C) Tetramethylrhodamine-labelled probe CGL allows specific detection of C.
glutamicum in a mixture of 5. thermophilus, C. glutamicum and M. imperiale. Phase-contrast (left) and epifluorescence (right) micrographs are shown for an identical field.
In sitti probing of Gram-positive bacteria detectcd by probe HGC. "hen the sample had been fixed in pit-.iformaldehyde only 10.7 & 3.5 'A of the cells detected \vith the D N A-intercalating dye 4',6-diamidino-2-phen\ lindole (DAPI) were Irisualized by probe HGC, but, when the sample had been fixed in ethanol, 229*6-6"/0 hybridized with probe HGC. This clearly showed the i m p )rr;tnce of adequate sample preparation for quantitat]! c monitoring of groups by in sitti probing (Manz e t a/. , 1 (104).
Gram staining was positive for most of the morphologicall! distinct cell types detected by probe HGC, but pro\ ed difficult to interpret in activated-sludge samples. Thuh, for the in sitzt monitoring of GPBHGC, fluorescent oligc nucleotide probing could become a valuable complement to standard staining techniques and immunofluoresccnce. Simultaneous hybridization o f probe FIGC with differently labelled probes for the alpha-, beta-, and ganinia-subclasses of Proteobacteria (Manz e t a/., 1992) and another group-specific probe detecting members of the genera Cytophaga, E'/auobacteritlnz and Flexibacteriztm, currenrl\ under development, did in no case result in dual staining of cells, indicating that these probes indeed detect separ'ite groups. This is important since the diversity of complex microbial communities (such as activated sludge) is today only partially known. Therefore even an extensive evaluation of databases and reference strains cannot gu'irmtee the intended specificity of probes.
